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We discuss the impact and potential discovery of physics beyond the standard model, coupling to the
Higgs sector, at the LHC. Using a model-independent effective Lagrangian approach, pure Higgs and
Higgs-gauge operators are analyzed, and their origin in terms of tree-level exchange of unknown heavy
messengers is systematically derived. It is demonstrated that early signals at the LHC may result from a
simultaneous modification of Higgs-fermion and Higgs-gauge boson couplings induced by those opera-
tors, pointing towards singlet scalar or a triplet vector—barring fine-tuned options. Of course, the Higgs
discovery itself will also be affected by such new couplings. With increasing statistics, the remaining
options can be discriminated from each other. On the other hand, the discovery of a new scalar doublet
may require technology beyond the LHC, since the Higgs self-couplings have to be measured. Our
conclusions are based on the complete set of tree-level decompositions of the effective operators unbiased
by a specific model.
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I. INTRODUCTION
The standard model (SM) of particle physics has suc-
cessfully described most of the experimental data up to
now, although the abundance of free parameters and fine-
tunings related to the origin of masses strongly suggests
new physics beyond the SM (BSM). There is a plethora of
specific beyond BSM theories in the literature, most of
them involving new heavy fields. In order to identify which
new physics lies beyond the electroweak (EW) scale, the
new parameters of such theories may be constrained by the
actual, low-energy, experiments. This approach requires
studying each model individually, and calculating every
possible observable.
Another approach, mimicking Fermi’s treatment of beta
decay, consists of considering the SM as the first order
approximation of the actual theory, and by completing it by
a series of higher dimensional operators. When the EW
symmetry breaking takes place well below the mass of the
new particles, the BSM physics is taken into account—at
the EW scale and below—by adding higher dimensional
operators to the SM Lagrangian. They are built out of SM
fields and requested to be invariant under its gauge group.
Those operators are the low-energy remnant of the high-
energy theory. It is a beautiful and humble approach—as it
does not pretend to guess the complete high-energy
model—and it is based solely on the symmetry of the
established theory. The operators are general; the model
dependence is encoded in the size of the operator coeffi-
cients, which is to be set from experiments.
As stated above, it is unsatisfactory that the SM mecha-
nism is the sole generator of the mass of all ordinary
particles (but plausibly neutrinos). If there is more to
nature than the simple unique Higgs field of the SM, it is
plausible that the strength of the Higgs-matter couplings
and self-couplings will depart from SM expectations. Also,
even if the Higgs boson turned out to be the only particle
discovered at the LHC, the properties of the Higgs sector
would be one of the major remaining construction sites,
and it would be necessary to discuss the impact of possible
BSM physics as model-independently as possible.
In the literature, there exists already substantial work on
effective Higgs interactions at LEP-ILC [1–4], Tevatron
[5,6] and ILC [7]. The impact of effective operators in the
Higgs production at the LHC via gluon-fusion has also
received some attention [8]. Furthermore, extensive work
on possible effective couplings in the context of composite
Higgs models and their LHC impact has also been devel-
oped recently [9]. On the other hand, the operator decom-
position technique in terms of their possible tree-level
mediator particles was developed and extensively explored
in the context of nonstandard neutrino interactions [10,11].
Also, the effective operators involving the Higgs field that
may result from tree-level mediators have been recently
studied only for the particular case of vector mediators
[12]. We focus here on anomalous Higgs and Higgs-gauge
effective operators analyzing: i) their independent impact
on LHC signals; ii) their decomposition in terms of tree-
level mediators, which then leads to new constraints and
new correlated signals.
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The first order of the effective BSM theory consists of
one unique dimension five (d ¼ 5) operator that gives rise
to a Majorana mass for the neutrinos, and that it is odd
under baryon minus lepton number (B L) symmetry. In
the following, we concentrate on B L conserving pro-
cesses and only in d ¼ 6 operators, expected to be the
dominant ones. The effective Lagrangian is then composed
by the Lagrangian of the SM, LSM, plus the d ¼ 6 opera-
tors Oi’s,
L eff ¼ LSM þ
X
i
iOi; (1)
where i denote the operator coefficients, which exhibit a
quadratic suppression on the new physic scale (typically,
the mass of the particles that have been integrated out).
Among the d ¼ 6 operators in which the Higgs field
participates, there is a finite subset built from the Higgs
field and the SM gauge fields only. We will concentrate on
them in this work.1 In the Buchmu¨ller-Wyler basis [14],
they read
O¼13ð
yÞ3; O@¼12@ð
yÞ@ðyÞ; (2)
Oð1Þ ¼ðyÞðDÞyðDÞ;
Oð3Þ ¼ ðyDÞððDÞyÞ;
(3)
OG ¼ 12 ð
yÞGAGA;
O ~G ¼ ðyÞ ~GAGA;
(4)
OW ¼ 12 ð
yÞWaWa;
O ~W ¼ ðyÞ ~WaWa;
(5)
OB¼12ð
yÞBB; O ~B¼ðyÞ ~BB; (6)
OWB ¼ ðyaÞWaB;
O ~WB ¼ ðyaÞ ~WaB:
(7)
Only the first four operators listed, Eqs. (2) and (3), can
result from tree-level exchange of heavy particles; the rest
require loop-induced generation, or some other origin
which invalidates the expansion considered here. The
size of their coefficients is thus expected to be subleading
in perturbative theories2 [15,16]. As a consequence, we
concentrate below on the analyses of the four operators in
Eqs. (2) and (3).
When analyzing present constraints and early LHC sig-
nals, it suffices to consider only the vacuum expectation
value (vev) of the Higgs field for all operators. We will first
work out the phenomenology associated to each of the four
operators in Eqs. (2) and (3) separately, taking into account
the constraints resulting from present electroweak preci-
sion tests (EWPT), LEP and Tevatron data. The impact on
the Higgs physics at the LHC will be then discussed.
Among the four operators selected, Oð3Þ will be shown to
be severely constrained beyond-LHC reach, and in conse-
quence the phenomenological analysis concentrates on the
first three operators in the list above, written in bold
characters. Finally, most of the effort of this work will be
dedicated toO@ andO
ð1Þ
 . On the other hand,O does not
modify the Higgs couplings to other SM particles at tree-
level, and is out of LHC reach. As far as the phenomeno-
logical part of our study is concerned, it can be regarded as
generalization of Refs. [9,17] with respect to the aspect that
we study Oð1Þ as an independent operator. Therefore, we
will work out the phenomenology from scratch in the
Z-scheme, taking as inputs the Fermi constant GF as
measured from muon decay, the electromagnetic constant
 extracted from Thompson scattering, the Z boson mass
MZ from electroweak data, and the Higgs mass MH, since
they are well-measured experimentally (except the Higgs
mass). In addition, one of the most important new results of
the phenomenology study can be found in Sec. VIB, where
the discovery of physics BSM in the effective operator
framework is discussed.
As the main part of this work, we will systematically
decompose each of those three operators in terms of their
possible tree-level mediators and by identifying the mini-
mal set of couplings required. This procedure allows to
settle the possible SM quantum numbers of those heavy
messengers, with no need of further information about the
high-energy theory. It also allows to establish further con-
straints and new signals. Indeed, the effective operator
coefficients i carry information about the messengers:
they will be now expressed as a combination of the
high-energy couplings and masses of the mediators. As a
consequence, two different effective operators previously
unrelated can now be linked via their effective couplings.
In other words, a constraint on one of the operator coef-
ficients may now constrain some other coupling, even
1In Ref. [13], it has been demonstrated that the 81, d ¼ 6,
operators of the Buchmu¨ller-Wyler basis [14] are not all inde-
pendent and should be reduced to a basis of 59 operators with the
help of the equations of motion. In particular, it is argued that
Oð1Þ is not an independent operator from O@ since it can be
expressed as a combination of O@ and higher dimensional
Yukawa interactions which consist of two fermions and three
Higgs doublets (Oe, Ou, and Od in Ref. [14]), and a d ¼ 4
operator ðyÞ2 in the SM. Here we do not discuss the higher
dimensional Yukawa interactions as the basis operators, and as a
price for that, we must treat Oð1Þ independent from O@.
2However, note that in some cases operators from new physics
generated at one loop may give a large impact on the SM loop
effects. We do not discuss this possibility, since it goes beyond
the scope of our study.
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when the latter does not modify directly the low-energy
observables. Analogously, the new signals expected from
them at LHC and elsewhere will be correlated. Finally, a
separate analysis is dedicated to the theoretical implica-
tions and mediator decomposition of O, both for its
intrinsic interest and eventually for future—beyond-LHC
era—use. Note that in specific models, additional signals at
LHC may appear, which may come from couplings not
directly related to the Higgs sector. Our work should be
rather interpreted in a different direction: playing the
devil’s advocate, what can we learn if physics BSM shows
dominantly up in the Higgs sector?
This paper is organized as follows: In Sec. II, the modi-
fication of the SM Lagrangian is performed in the
Z-scheme; details of the full Lagrangian are given in
App. A. In Sec. III, the decay width and branching ratios
of the Higgs boson are discussed in the presence of the
effective interactions, where details can be found in App. B.
Then in Sec. IV, the constraints from LEP and Tevatron are
shown. The Higgs production at LHC is then discussed in
Sec. V. In Sec. VI, the impact of the effective interactions on
the discovery of the Higgs boson are shown, as well as the
discovery of the effective operators is discussed; details can
be found in App. C. As the next step, in Sec. VII, the
theoretical interpretation in terms of tree-level mediators
is performed at the LHC, and in Sec. VIII, perspectives for
experiments beyond the LHC are pointed out. App. D gives
a detailed account of the mediator decomposition. Finally,
in Sec. IX the results are summarized.
II. MODIFICATION OF THE STANDARD
MODEL LAGRANGIAN
In this section, we derive the deviations, relative to the
SM predictions, induced by the effective operators consid-
ered. Methodologically, we use the Z-scheme [18] frame-
work.3 The strategy of this approach can be described as
follows: All SM relationships are expressed in terms of the
best measured quantities GF, , and MZ, as well as MH
accessible at the LHC. An effective interaction, coming
from physics BSM, will then not only show up in specific
interactions directly, but also shift the SM quantities/rela-
tionships, which cannot be taken for granted anymore.
Keeping the mentioned observables fixed to their measured
values, we compute the impact of the direct (from the
modified interaction) and indirect (from the modified SM
quantities/relationships) contributions to the observables.
The vev v of the Higgs doublet  is defined by  ¼
ð0; ðvþ hÞ= ﬃﬃﬃ2p ÞT , where h denotes the physical Higgs
boson. As a consequence, the covariant derivative is
given by
D ¼
i g02 Wþ ðvþ hÞ
1ﬃﬃ
2
p @hþ i
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
g2
0
þg02
0
p
2
ﬃﬃ
2
p Zðvþ hÞ
0
B@
1
CA: (8)
Substituting this expression in Eqs. (2) and (3) shows that
three of the anomalous couplings discussed give contribu-
tions to the kinetic energy of the Higgs boson, i.e., the
Higgs field needs to be rescaled in order to get a canonical
kinetic term:
h! ð1þ ðð1Þ þ ð3Þ þ 2@Þ
v2
2
Þ1=2H: (9)
The interactionO shifts in turn the minimum of the scalar
potential,
VðÞ ¼ 20ðyÞ þ 0ðyÞ2 þ

3
ðyÞ3; (10)
with
v2 ¼ v20

1þ  v
2
0
40

; (11)
where the subscript ‘‘0’’ denotes here and all through this
paper the bare couplings and quantities, and in conse-
quence v20  20=0 is the vev expression in the SM
case. The couplings of the Higgs boson to the Z and W
bosons turn out to include terms with high powers of the
Higgs field. The complete Lagrangian at leading order in
i can be found in App. A.
The electroweak SM contains only four independent
parameters (obviating fermion masses). We will work in
the Z-scheme, taking as inputs the Fermi constant GF as
measured from muon decay, the electromagnetic constant
 extracted from Thompson scattering, the Z boson mass
MZ from electroweak data, and the Higgs mass MH, since
they are well measured experimentally (except the Higgs
mass). At leading order, GF and  are not modified by the
operators in Eqs. (2) and (3), while
M2Z ¼ M2Z0

1þ ð1Þ
v2
2
þ ð3Þ
v2
2
þ  v
2
40

(12)
and
M2H ¼ M2H0

1 ð1Þ
v2
2
 ð3Þ
v2
2
 @v2 þ 3 v
2
40

:
(13)
After renormalization, the relevant gauge and gauge-Higgs
term of the Lagrangian read
LH;Z;W 3 M2WWWþ þ
1
2
M2ZZZ
 þ 1
2
@H@
H
 1
2
M2HH
2 þ HWWWWþH þ HZZZZH
 HHHH3 þ HHWWWWþH2
þ HHZZZZH2  HHHHH4 (14)
3Although the radiative corrections are important in the elec-
troweak measurements, we carry out our renormalization at the
tree level, because our interest is set on the leading contributions
of the effective operators to LHC signals.
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with
M2W ¼ M2WSM

1 c
2
c2  s2 
ð3Þ

v2
2

; (15)
HWW ¼ HWWSM

1þ ð1Þ
v2
2


1
2
þ c
2
c2  s2

ð3Þ
v2
2
 @ v
2
2

; (16)
HZZ ¼ HZZSM

1þ ð1Þ
v2
2
þ ð3Þ
v2
4
 @ v
2
2

; (17)
HHWW ¼ HHWWSM

1þ 5
2
ð1Þ v
2


1þ c
2
c2  s2

ð3Þ
v2
2
 @v2

; (18)
HHZZ¼HHZZSM

1þ5
2
ð1Þ v
2þ2ð3Þ v2@v2

; (19)
HHH ¼ HHHSM

1 ð3Þ
v2
4
 @ v
2
2
þ 1
3

v2
0

; (20)
HHHH¼HHHHSM

1ð3Þ
v2
2
@v2þ2v
2
0

: (21)
Here, the subscript ‘‘SM’’ denotes the SM prediction for
the corresponding mass or coupling,4 and c and s denote
the cosine and sine of Weinberg angle as functions of the
input parameters
c2  cos2W ¼ 12

1þ

1 4ﬃﬃﬃ
2
p
GFM
2
Z
1=2
; (22)
s2  sin2W ¼ 12

1

1 4ﬃﬃﬃ
2
p
GFM
2
Z
1=2
: (23)
Because of the rescaling of the Higgs field, the Higgs-
fermion couplings,
L f 3
Yfvﬃﬃﬃ
2
p ffþ Yfﬃﬃﬃ
2
p H ff; (24)
which induce fermion masses mf  Yfv=
ﬃﬃﬃ
2
p
, are also
modified:
Hff ¼
Yfﬃﬃﬃ
2
p ¼ YfSMﬃﬃﬃ
2
p

1 ð3Þ
v2
4
 @ v
2
2

: (25)
The operator Oð3Þ violates the custodial symmetry and
contributes differently to the W and Z masses and cou-
plings, as can be seen in the equations above [19,20]. It is
thus very constrained [21] by present data on electroweak
precision tests, such as the 	 parameter
	  M
2
Zc
2
M2W
¼ M
2
WSM
M2W
; (26)
with, in the present case,

	 ¼ c
2
c2  s2 
ð3Þ

v2
2
: (27)
The constraint on 	 is thus tantamount to a constraint on
ð3Þ . It is common to replace 
	 by the T parameter [22],

	  T. The latest measurement [21] imposes T ¼
0:03 0:11, indicating
ð3Þ v
2 & 3 104 (28)
and thus out of LHC reach. In consequence, we will dis-
regard it for the phenomenology analysis, and concentrate
below exclusively on the operators O, O
ð1Þ
 , and O@ in
Eqs. (2) and (3). As can be seen from Eqs. (15)–(21), O
only modifies the trilinear and quartic couplings of the
Higgs boson. Such couplings will be very hard to observe
at the LHC, see, e.g., Refs. [7,8,23–25], and are not in-
volved in the discovery searches of the Higgs boson.
Therefore,  will be discussed separately in Sec. VIII.
As the Higgs couplings to the gauge bosons are
modified, the exact cancellation, via the exchange of
a Higgs boson, of the terms growing with the energy in
the longitudinal gauge bosons scattering amplitudes do
no longer occur. Indeed, it is easy to see that with the
presence of the effective operators the divergent part in
the high-energy regime goes like ðð1Þ  @Þv2s or
ðð1Þ  @Þv2ðsþ tÞ, depending on the process. As a
consequence, tree-level unitarity is violated at high enough
energies. However, this growth with energy is only valid up
to the effective theory cutoff scale. Above that scale the
fate of unitarity depends on the detail of the UV
completion.
III. HIGGS BRANCHING RATIOS
AND DECAY WIDTHS
Consider the impact of the effective interactions on
Higgs branching ratios and decay widths for i  1 (see
Ref. [26] and references therein). Equation (15) illustrates
that the W-boson mass, which is a prediction in the
Z-scheme, does not get modified by any of the three
operators considered. For the different Higgs decay chan-
nels, we obtain:
(i) H ! f f: From Eq. (25), it follows that
ðH ! f fÞ ¼ ð1 @v2ÞSMðH ! f fÞ: (29)
(ii) H ! gg: This decay is mediated by heavy quarks
loops, resulting in
4Their expression in terms of the chosen observables can be
found in App. A.
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ðH ! ggÞ ¼ ð1 @v2ÞSMðH ! ggÞ: (30)
(iii) H ! VV: The modification of the vertices in
Eq. (A1) leads to
ðH!ZZÞ¼ ð1þð1Þ v2@v2ÞSMðH!ZZÞ;
(31)
ðH!WWÞ¼ð1þð1Þ v2@v2ÞSMðH!WWÞ:
(32)
(iv) H ! : The SM Higgs decay into two photons is
mediated by fermion (mainly top quark) and W
loops, and the new physics corrections are given by
ðH ! Þ
SMðH ! Þ
¼ jð1 @
v2
2 Þ 43AH1=2ðtÞ þ ð1þ ð1Þ v
2
2  @ v
2
2 ÞAH1 ðWÞj2
j 43AH1=2ðtÞ þ AH1 ðWÞj2
; (33)
where AH1=2 and A
H
1 are functions that can be found in App. B.
(v) H ! Z: Again, this process it is mediated by fermions and W-boson loops, leading to
ðH ! ZÞ
SMðH ! ZÞ
¼ jð1 @
v2
2 Þ
P
f Nc
Qfvf
c B
H
1=2ðfÞ þ ð1þ ð1Þ v
2
2  @ v
2
2 ÞBH1 ðWÞj2
jPf Nc Qfvfc BH1=2ðfÞ þ BH1 ðWÞj2 ; (34)
where the functions BH1=2 and B
H
1 and the SM rate
SMðH ! ZÞ can be found in App. B.
The branching ratios for the Higgs decay have been
computed using the HDECAY program [27], that wemodified
in order to take into account the effective interactions dis-
cussed in this work.5 The (total) decay width of the Higgs is
shown in Fig. 1 as a function of MH. As shown in the left
panel, it varies linearly with @ independent ofMH since
all decay widths are modified in the same way. As a con-
sequence, the coupling O@ does not affect the Higgs
branching ratios, which remain equal to the SM ones. On
the other hand, for nonvanishing ð1Þ (right panel), the
decay width is modified only for large Higgs masses, where
the decays into massive gauge bosons are dominant, cf.,
Eqs. (31) and (32): we show the corresponding branching
FIG. 1 (color online). Total decay width of the Higgs boson as a function ofMH for @ (left) and 
ð1Þ
 (right), for the values given in
the plot legends.
FIG. 2 (color online). Oð1Þ impact on Higgs branching ratios,
as a function ofMH . The thick (middle) curves represent the SM
reference, and the shaded regions mark the range 0:4 
ð1Þ v
2  0:4 (thin curves for the case ð1Þ v2 ¼ 0:4 and me-
dium thick curves for ð1Þ v
2 ¼ 0:4).
5
HDECAY includes most of the higher order corrections to the
Higgs decays as well as off-shell effects for the Higgs decay into
a pair of massive gauge bosons or a pair of top quarks.
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ratios in Fig. 2 as a function ofMH. Here the thick (middle)
curves represent the SM reference, and the shaded regions
mark the range 0:4  ð1Þ v2  0:4. For large MH, the
decays into vector bosons clearly dominate, which means
that their relative contribution does not change. However,
the relative contributions from the other channels are anti-
correlated withð1Þ because the total decay width increases
while the individual channels remain unaffected. For small
MH, the decays into vector bosons are subdominant, which
means that the total width is hardly affected by ð1Þ , just as
the leading channels. However, the relative contributions of
the decays into vector bosons are proportional to ð1Þ . Note
that also the branching ratios into photons depend some-
what on ð1Þ .
IV: CONSTRAINTS FROM LEP AND TEVATRON
LEP and Tevatron already set bounds on the allowed SM
Higgs mass region, which may be modified in the presence
of either Oð1Þ or O@. In order to test this impact, we have
modified the HIGGSBOUNDS program [28,29].
The most relevant channel at LEP is the eþe ! ZH !
Zb b search [30]. This channel is sensitive to the HZZ and
Hff couplings, see Eqs. (17) and (25). At the Tevatron, the
most sensitive channel for Higgs searches is H ! WW
decay. The combined CDF and D0 analyses [31] that
studied this channel included Higgs production via
gluon-fusion, vector boson fusion, and Higgsstrahlung.
For the SM, the mass range 158 GeV<MH < 175 GeV
has been excluded at the 95% CL. The HIGGSBOUNDS
program uses the SM combined analysis only if the relative
contribution to the event rate of different search channels,
included in such studies, is the same as in the SM. In other
words, the Higgs boson predicted by the model tested
should behave as a SM Higgs boson. For instance, if gluon
and vector fusion were the only relevant production modes,
the condition to use SM combined limits would be
BSM-modelðgg! H ! WWÞ
SMðgg! H ! WWÞ
¼ BSM-modelðWW=ZZ! H ! WWÞ
SMðWW=ZZ! H ! WWÞ ¼ const: (35)
This condition is only fulfilled if ð1Þ is vanishing, since a
nonvanishing ð1Þ modifies only the HWW and HZZ ver-
tices and not theHgg one. Thus only single channel studies
can be used to constraint ð1Þ when jð1Þ jv2 > 0:02.
We have analyzed the excluded regions in the parameter
spaces defined by (MH, @v
2) and (MH, 
ð1Þ
 v
2) in Fig. 3
in the left and right panels, respectively. As far as the (MH,
@) analysis is concerned (left plot), both the HZZ and
Hff couplings decrease for @ > 0, explaining the small
degradation of the LEP bounds in that region. With respect
to the Tevatron bound, the H ! WW branching ratio
equals that of the SM (see Sec. III), but the production
cross section decreases (increases) for @ > 0 (< 0),
softening (enlarging) the MH exclusion region.
6 Negative
values of @ are excluded in this range of MH. Note that
FIG. 3 (color online). Combined LEP and Tevatron experimental 95% C. L. exclusion regions in the (MH , @v
2) (left) and (MH,
ð1Þ v
2) planes (right), obtained with the program HIGGSBOUNDS [28,29]. The purple region (right) indicates our prediction for the
exclusion region; see main text for explanations.
6The gluon fusion process is dominant but all production
modes, being vector boson fusion of Higgsstrahlung, are modi-
fied in the same way and were included in the analysis. The kink
of the excluded band at @v
2 0:37 is a technical byproduct
of the use of two different studies above [32] and below [33] this
point.
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all vertices at stake are rescaled by the same coefficient
1 @v2, and the condition in Eq. (35) holds.
For the (MH, 
ð1Þ
 ) analysis—see right panel in Fig. 3—
the Higgs-fermion couplings are not modified and the
Higgs-gauge couplings increase with ð1Þ , which means
that the LEP bounds soften for negative values of ð1Þ . At
the Tevatron, the dominant production cross section gg!
H is not modified, but the vector boson fusion mechanism
and the decay H ! WW rate get enhanced for positive
values of ð1Þ . Therefore, one would expect a sizeable
excluded region. This is barely seen with the present
available studies, as the condition to use combined analy-
ses described in Eq. (35) does not apply unless jð1Þ jv2 
0:02. We expect that dedicated studies by the experimen-
talists of Tevatron would be able to exclude in this case a
broader region of the parameter space, as we have tenta-
tively shown in Fig. 3 (‘‘Exclusion prediction’’).
To summarize, while the LEP bounds for the Higgs mass
are relatively robust with respect to Oð1Þ and O@, the
Tevatron bound does not hold in the presence of new
physics in the Higgs sector. For instance, if ð1Þ v
2 ¼
0:2, the bound disappears. In addition, a contribution of
Oð1Þ and O@ cannot be excluded from LEP and Tevatron,
unless @ & 0:2 or 
ð1Þ
 * 0:2 in the MH range probed
by the Tevatron.
V. HIGGS PRODUCTION AT THE LHC
Here we summarize the modification of the Higgs pro-
duction channels at the LHC:
Gluon Fusion: The most important Higgs boson produc-
tion channel at LHC is the gluon fusion process gg! H,
taking place at leading order through fermion loops
(mainly bottom and top quarks). Since NLO QCD correc-
tions do not affect the Higgs couplings [26], the production
cross section is simply given by
NLOðgg! HÞ ¼ ð1 @v2ÞSMNLOðgg! HÞ: (36)
The NLO QCD cross section was obtained with the pro-
gram HIGLU [34].
Vector boson fusion: Vector boson fusion, qq! qqþ
WWðZZÞ ! Hqq is the second most important
production mode. As for gluon fusion, the NLO QCD
corrections do not depend on the Higgs boson couplings
[26] and thus
NLOðVV ! HÞ ¼ ð1þ ð1Þ v2  @v2ÞSMNLOðVV ! HÞ
(37)
with V ¼ W, Z. The NLO QCD cross section has been
obtained with the program VV2H [35].
Associated production (Higgsstrahlung): The radiation
of a Higgs boson off a gauge boson, q q! WðZÞ !
WðZÞ þH is an important production mode in the inter-
mediate mass region. Once again,
NLOðVHÞ ¼ ð1þ ð1Þ v2  @v2ÞSMNLOðVHÞ: (38)
The NLO QCD cross section has been calculated with the
program V2HV [35].
Radiation from top quark: The production of a Higgs
boson through this channel is relevant for low mass
searches, leading to
NLOðHttÞ ¼ ð1 @v2ÞSMNLOðHttÞ: (39)
The LO cross section has been obtained with the help of the
program HQQ [35], further dressed with a K-factor encap-
sulating the increase of the cross section due to NLO
corrections [36–39].
In summary,O@ corrects all cross sections by the same
factor 1 @v2, and thus it leads only to an overall
rescaling. On the other hand, for Oð1Þ , vector boson fusion
production and Higgsstrahlung are the only production
mechanisms modified. We show in Fig. 4 the production
cross sections of the Higgs boson at the LHC as a function
FIG. 4 (color online). Production cross sections of the Higgs boson at the LHC as a function of the Higgs massMH in the presence of
Oð1Þ , where 
ð1Þ
 v
2 ¼ 0:4 (left panel) and ð1Þ v2 ¼ 0:4 (right panel). The dashed curves represent the corresponding SM predictions
(only visible if there are deviations from the SM).
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of the Higgs mass MH in the presence of O
ð1Þ
 , where
ð1Þ v
2 ¼ 0:4 (left panel) and ð1Þ v2 ¼ 0:4 (right panel).
The SM reference curves are shown as dashed curves. For
negative values of ð1Þ (left panel), the Higgsstrahlung
processes are suppressed, which means that the radiation
of a Higgs boson off top quarks becomes as important. For
positive values, vector boson fusion and Higgsstrahlung
production increase by a factor up to 2.5. However, gluon
fusion remains to be the dominant production channel.
VI. SIGNIFICANCE OF THE SEARCH CHANNELS
Here, we discuss the significance of the different search
channels at the LHC, illustrating it for CMS. First, we show
the impact on Higgs discovery searches. Then we discuss
the possible discovery of deviations from the SM.
At CMS, for Higgs masses above 125 GeV, the inclusive
production of a Higgs with subsequent decay into 4 leptons
via a pair of Z bosons is considered to be the golden
discovery channel. When MH > 2MW , the decay into a
pair of W bosons takes over. For low masses, the most
promising channel turns out to be the decay of the Higgs
boson into a pair of photons. Noninclusive channels, rely-
ing on vector boson fusion are also useful. Higgs produc-
tion in vector bosons fusion, with decay into WW, is a
quite efficient channel in the intermediary mass region
(140–180 GeV). In the low mass region, the channel where
the Higgs decays into a pair of tau leptons can help reach-
ing the 5 significance. To summarize, we are investigat-
ing the following search channels:
(1) Inclusive production with decay:
(a) H ! 
(b) H ! ZZ! 2e2, 4e, 4
(c) H ! WW ! 2‘2
(2) Vector boson production (qqH) plus decay:
(a) H ! WW ! ‘jj
(b) H ! ! ‘þ jþ EmissT
A. Impact on Higgs discovery searches
In order to obtain the significance for the most relevant
Higgs searches channels at the LHC, we follow the proce-
dure of Ref. [9] and we refer to the analysis of the CMS
collaboration (CMS TDR) [40]. For each channel, the num-
ber of signal events s and the number of background events
b are obtained after the application of experimental cuts:
with these number of events, the significance S is then
estimated. As the effective operators O@ and O
ð1Þ
 modify
only the Higgs couplings, the background processes remain
as in the SM, i.e., the number of background events b ¼
bSM. The number of signal events s in the presence of the
effective operators is instead scaled by s ¼ 
 	 sSM with

 ¼ ðX ! HÞ  BRðH ! YÞ
SMðX ! HÞ  BRSMðH ! YÞ : (40)
Here,ðX ! HÞ denotes the production cross section of the
Higgs boson via the process X and BRðH ! YÞ denotes the
decay of the Higgs boson into a given final state Y. This
means that the product of production and decay enters the
different search channels, and therefore also the corre-
sponding modifications resulting from BSM physics. The
values of sSM and bSM can be obtained from the CMS
analysis [40].
Following Ref. [9], we have used various definitions for
the significance, depending on the process analyzed, in
order to remain as close as possible to the CMS results
for the case of the SM. The conventions in Ref. [9] have
been used. We have set the integrated luminosity to
R
L ¼
30 fb1, to facilitate the comparison with previous studies.
The significances of the SM Higgs boson searches at a
14 TeV LHC are depicted in Fig. 5 (upper panel), which
also illustrates that different search channels for a Higgs
bosons at the LHC cover different mass ranges. As ex-
plained above, O@ modifies all Higgs couplings by the
same factor 1 @v2. In consequence, all significances
get enhanced (depleted) with respect to the SM ones for
negative (positive) values of @. For O
ð1Þ
 , instead, given
the positive sign of the ð1Þ contribution to the couplings,
see Secs. III and V, the general trend expected is an
increase (decrease) with respect to the SM predictions for
positive (negative) values of ð1Þ .
The analysis of the significances as a function of the
Higgs mass, for each of the different search channels
separately, can be found in App. C. Figure 5 summarizes
the results for @ and 
ð1Þ
 , respectively. When the new
physics is induced exclusively by the operator O@, see
middle row, for @ < 0 the enhancement with respect to
the SM is especially strong for MH > 150 GeV.
Nevertheless, for Higgs boson masses between
160–180 GeV, in general only positive values of @ are
allowed because of the Tevatron bounds (cf., Fig. 3). For
the chosen value @v
2 ¼ 0:4, the depletion of all produc-
tion processes with respect to the SM predictions is such
that reaching a 5 significance becomes difficult in the low
mass region in the early stages of LHC, in which the
H !  channel gets deteriorated. Notice that the analysis
for this operator is equivalent to the one performed by
Espinosa et al. [9], for the composite Higgs model named
MCHM4, and we checked that our results are consistent
with theirs.
If, on the other hand, only the operator Oð1Þ is non-
vanishing—see lower row of Fig. 5—the qualitative be-
havior is inverted. For negative values of ð1Þ , a significant
increase of statistics (or the combination of different chan-
nels) is needed for a 5 significance in the low mass
region, for the chosen parameter value. In the intermediate
mass range, below the gauge threshold, a soft diminution
of the significance of the different search channels is
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observed, while above the gauge threshold, where the
branching ratio H ! WW is almost equal to 1, the signifi-
cances almost equal those of the SM. This does not apply to
the qqH þH ! WW ! ‘jj channel, which is not inclu-
sive, i.e., relies only on vector boson fusion production of
the Higgs boson. For this channel, the significance in the
high mass region is significantly lower than in the SM for
negative values of ð1Þ . For positive values of 
ð1Þ
 , the
enhancement induced is such that even the H !  chan-
nel might reach 5 significance. The qqH þH ! WW !
‘jj channel gets also substantially enhanced and can even
compete with the H ! WW ! 2‘2 channel which, to-
gether with the H ! ZZ! 4‘ channel, is only slightly
enhanced in comparison.
To summarize, the early discovery of the Higgs boson at
LHC with moderate luminosities is a relatively robust
prediction even in the presence of physics BSM, unless
MH & 130 GeV.
Let us consider now the case in which the BSM physics
may induce simultaneously both O@ and O
ð1Þ
 interac-
tions. Equations (31) to (32) illustrate that only the cou-
plings of the Higgs boson to massive gauge bosons are
sensitive to both operators, via the factor (1þ ð1Þ v2 
@v
2). This obviously implies that significant departures
from the results obtained above may only happen when:
(i) @ ¼ ð1Þ : the Higgs coupling to massive gauge
bosons will be as predicted in the SM case, while the
coupling to gluons and fermions will be modified by
the nonzero value of @.
(ii) ð1þ ð1Þ v2  @v2Þ ¼ 0: as we remain in the
perturbative regime, such a cancellation occurs
FIG. 5 (color online). The significances of the different Higgs searches channels at CMS as a function of the Higgs boson mass in the
cases: SM (top), @v
2 ¼ 0:4 (middle left), @v2 ¼ 0:4 (middle right), ð1Þ v2 ¼ 0:4 (lower left) and ð1Þ v2 ¼ 0:4 (lower right).
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only at the point ð@v2; ð1Þ v2Þ ¼ ð0:5;0:5Þ, at
the limit of the perturbative region. For such an
extreme case, the Higgs is no longer coupled to
the W or Z bosons and Higgs searches are very
compromised. In the corner of the parameter space
close to that point, only low mass searches get really
affected. In both cases, comparison between inclu-
sive and noninclusive channels should allow to
detect if some interplay between both effective op-
erators is at work.
B. Discovery of deviations from the SM at the LHC
We have just seen how the presence of effective opera-
tors could modify the searches for a Higgs boson at the
LHC. It is also interesting to know to what extent the LHC
will be able to discover the effective coefficients @ and
ð1Þ . To do that, we have studied the significance of the
rejection of the SM theory over the data one would get in
the presence of the effective operators. We used the same
formulae used in the previous section for the signal rates of
the different channels. Figure 6 shows the result for the
cases @v
2 ¼ 0:4 (left) and ð1Þ v2 ¼ 0:4 (right). Note
that the sensitivity for a negative coefficient is almost the
same as the one for positive coefficient.
First of all, note that an early high significance discovery
is only possible for @ if MH * 160 GeV (and j@j
large enough), whereas it is not possible for ð1Þ .
However, for about 200 fb1 (two years at design lumi-
nosity), it can be roughly estimated that either of these two
effects can be discovered for jjv2 * 0:4, barring cancel-
lations, for any allowed value ofMH. In the extreme limit,
such as after 10 years running at the design luminosity
(1000 fb1), we expect that values jjv2 * 0:17 may be
discovered for any allowed value of MH. In the most
optimistic case (MH ’ 170 GeV), we expect a discovery
for j@jv2 ’ 0:04 in that case. These conclusions are only
true if only one of the two effects is considered indepen-
dently. If, however, both effects are present at the same
time, there may be cancellations or additions of the effects,
see earlier formulas. Note that these results are coherent
with previous studies such as that in Ref. [41], where it has
been shown that the expected sensitivity in deviations of
the Higgs SM couplings is around 20%.
If a deviation from the SM is discovered and needs to be
interpreted, one needs to know from which operator it
comes from. The discrimination power between @ and
ð1Þ relies on the relative contribution to different search
channels: while @ affects all channels in the same way,
see Fig. 5 (middle row), ð1Þ leads to relative shifts among
the different contributions, see Fig. 5 (lower row). In
particular, noninclusive search channels that rely only on
vector boson fusion would be very useful. For intermediate
and high Higgs mass, the event rate in the qqH þH !
WW ! ‘jj channel compared to the H ! ZZ! 4‘ and
H ! WW ! 2‘2 channels should provide a test for ð1Þ
versus @. In the low mass range, the situation might be
more difficult, since the inclusive H !  channel is
sensitive to both coefficients. However the qqH þH !
þ ! ‘þ jþ EmissT channel should help to disentangle
the two effective operators considered. Such a discrimina-
tion may be possible with higher statistics at later stages of
the LHC operation. In addition, it may be interesting to
know the sign of the deviation from the SM, as this may be
indicative for certain models (see next section). This is
essentially always possible once a departure from the SM
prediction is detected, because the deviations are sensitive
to the sign of  and not only jj. The discovery reach for a
particular sign is comparable to that of the discovery reach
for jj. Measuring the sign in the presence of both effects
relies, again, one the relative contribution from different
channels, as discussed above.
FIG. 6 (color online). Significance for the discovery of the effective coefficient @ (left) and 
ð1Þ
 (right) as a function of the Higgs
boson mass from the different searches channels. Here the a luminosity of 30 fb1 is used, and a simulated value @v2 ¼ 0:4 (left
panel) and ð1Þ v
2 ¼ 0:4 (right panel).
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VII. INTERPRETATION OF DEVIATIONS FROM
THE SM AT TREE LEVEL
While the earlier sections of this study are independent of
the high-energy theories leading to the effective operators,
we here interpret possible deviations from the standard
model if these effective operators are generated at tree level
via the exchange of heavy new mediators. Since the test of
O requires beyond-LHC technology and 
ð3Þ
 is strongly
constrained by EWPT, onlyO@ andO
ð1Þ
 can be probed at
the LHC, as argued above. However, we will consider also
Oð3Þ in this section, since its impact on EWPT will imme-
diately indicatewhichmediators cannot be expected to have
an observable LHC impact via O@ and O
ð1Þ
 .
For the analysis, we first of all find all possible tree-level
decompositions of the operators in Eqs. (2) and (3), from
which we obtain a list of possible mediators; see
Refs. [11,42] for the applied techniques. As the next step,
we formulate the fundamental Lagrangian with all of these
mediators and all relevant interactions. Finally, we reinte-
grate out these mediators simultaneously, to verify that all
multimediator interactions have been taken into account.
For the scalar mediators, this procedure is quite straightfor-
ward. For the vector mediators, however, the result de-
pends on whether the interactions are introduced such
that 1) the vectors are gauge fields [16] or 2) the vectors
are not gauge fields (which implies that the Lagrangian
results from a broken gauge symmetry and is not funda-
mental). In the first case, only a singlet or a triplet (hyper-
charge neutral) vector boson are allowed as mediators,
whereas in the second case, other vector mediators are
possible. We will focus on singlet and triplet vectors, and
show the differences between gauge and nongauge inter-
actions where applicable. We find the following list of
mediators:
Sð1s0Þ; ’ð2s1=2Þ; að3s0Þ;
a1ð3s1Þ; V	ð1v0 Þ; Ua	ð3v0 Þ
(41)
where we have assigned symbols to the mediators and list
the SM quantum numbers in brackets in the form XLY ,
where
(i) X denotes the SU(2) nature, i.e., singlet 1, doublet 2,
or triplet 3.
(ii) L refers to the Lorentz nature, i.e., scalar (s) and
vector (v).
(iii) Y refers to the hypercharge Y ¼ Q IW3 .
Note that we find decompositions with up to three media-
tors which differ by their Lorentz and/or SM quantum
numbers. In addition, we introduce the doublet scalar ’
without kinetic and mass mixing with the SM Higgs
doublet.
The primary goal of this section is to clarify the mini-
mum set of renormalizable interactions necessary to
generate the effective operators under study in this paper.
This allows to address the following question: what can be
predicted for physics at high-energy scales from the effec-
tive interactions, if they are discovered? Nevertheless, a
word of caution is convenient. The fields in Eq. (7) may
come from numerous models at high energies (see e.g.,
Refs. [43–50] for the triplet scalars) and the list of
couplings discussed here may not cover the full set of
interactions of a given concrete high-energy model.
A. One mediator cases
Let us first discuss the case when only one mediator is
present. Assuming that the vectors are gauge fields, the
relevant part of the fundamental Lagrangian7 leading to
@, 
ð1Þ
 , and 
ð3Þ
 is
LLHC ¼ 12 ð@	SÞð@
	SÞ  1
2
m2SS
2 þSðyÞSþ 12 ðD	Þ
aðD	Þa  1
2
m2
aa þðyaÞa
þ ðD	1ÞyaðD	1Þa m21ya1 a1 þ ½1ði2aÞya1 þ H:c:
 
1
4
V	V
	 þ 1
2
m2VV	V
	
 igVV	½ðD	ÞyyðD	Þ
  12U
a
	U
a	 þ 1
2
m2UU
a
	U
a	  i gU
2
Ua	½ðD	ÞyayaðD	Þ
; (42)
where a (a ¼ 1, 2, 3) are Pauli matrices for SU(2) gauge symmetry, V	 and Ua	 denote the field strength tensors for the
SU(2)-singlet V	 and SU(2)-tripletU
a
	 vector fields, and 1 denote scalar SU(2)-triplets with different hypercharge, and
S stands for scalar singlet. The scalar doublet ’ does not appear here since it does not contribute to the LHC-observable
operators, O@ and O
ð1Þ
 but only to O (see App. D).
7Note that these minimal setups might lead to tree-level unitarity violation in the different scattering amplitudes. However, unitarity
consideration should be worked out in complete models where the fields under study are embedded. Such study is beyond the scope of
this paper, but some example can be found for Z0 model [51] or Higgs triplet model [52] for example.
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After integrating out the mediators, we obtain
LeffLHC 

2S
m2S
þ
2

m2
þ 4 j1 j
2
m21

1
2
ðyÞ2
þ

2S
m4S
þ
2

m4
þ g
2
V
m2V
þ g
2
U
4m2U

2
S
2
VS
m4Sm
2
V

O@
þ 2

2
m4
þ 2 j1 j
2
m41
 g
2
U
4m2U

Oð1Þ
 2

2
m4
 2 j1 j
2
m41
þ g
2
V
m2V

Oð3Þ : (43)
Integrating out the heavy fields we not only obtain d ¼ 6
operators but also a d ¼ 4 one: Od¼4 ¼ ðyÞ2. The
presence of such operator can potentially affect the results
shown in Sec. II. The vev receives an extra contribution
from this operator. Equations (11) is modified as
v2 ¼ v20

1þ  v
2
0
40
 
d¼4

0

; (44)
while the mass of the Higgs is not modified by such
operator. After performing the renormalization through
the Z-scheme, the contributions of Od¼4 to the Higgs
couplings disappear, being absorbed by the input parame-
ters. Thus the results shown in the previous sections are
still valid in the presence of such a d ¼ 4 operator.
The operatorO is also induced by the integration, but it
includes more complicated combinations of interactions
and also includes the contribution from additional media-
tors, as it will be discussed in Sec. VIII. That is why it is not
listed in Eq. (43). From Eq. (43), one can now easily read
off @,
ð1Þ
 , and 
ð3Þ
 for the single mediator cases. We list
in Table I the coefficients for the individual mediators. The
results for the vector mediators are consistent with
Ref. [12]. For the nongauge vectors, denoted by ~1v0 and
~3v0 , we use interactions of the form
L non-gaugeV ¼ VV	@	ðyÞ; (45)
L non-gaugeU ¼ UUa	½D	ðyÞ
a; (46)
instead of the gauge-inspired interactions shown inEq. (42).
We can read immediately from Table I what the con-
straint from EWPT on ð3Þ means. Barring cancellations,
we can exclude the scalar triplets 3s0, 3
s
1 and the gauged
vector singlet 1v0 or ungauged vector triplet
~3v0 as tree-level
mediators candidates if any effect arising fromO@ orO
ð1Þ

is observed at the LHC. The only remaining unconstrained
mediators are 1s0 and a gauged 3
v
0 or ungauged
~1v0 . They
will lead to a deviation of j@j from zero, which may be
already seen in early stages of the LHC operation; cf.,
discussion in Sec. VI B.
Table I shows in addition that 1s0 or 3
v
0 can be easily
discriminated from ~1v0 by the sign of the deviation from the
standard model induced by @, which basically affects all
Higgs couplings in the same way and is relatively easily
testable, see Sec. VIB. As a secondary measurement, the
discovery of ð1Þ  0may discriminate between 1
s
0 and 3
v
0 ,
which is, however, a difficult measurement because it
involves the relative contributions of different channels.
Therefore, it may be only possible during later stages of
LHC operation with increasing statistics.
B. Multiple mediators
In the case when more than one mediator listed in
Eq. (41) is present at the high-energy level, the relative
contributions of the mediators, listed in Table I, add in a
trivial manner. Moreover, possible interactions among two
or three mediators may exist and lead to a contribution to
the effective coefficients. We have explored systematically
such cases. The reader can find in App. D the relevant
interactions as well as their impact on the effective coef-
ficients. Additionally we would like to point out that under
specific circumstances, such as extra symmetries or pecu-
liar choices of high-energy couplings, some cancellations
can occur allowing to evade the constraint from EWPT.
These conditions can be read easily from the coefficient of
Oð3Þ in App. D.
A detailed investigation of cancellations is outside the
scope of this paper. There is, however, one possibility often
found in phenomenological studies, see, e.g., Refs. [43–47]:
Two triplets are used, where the custodial symmetry re-
quires the cancellation between the contribution of 3s0 with
that of 3s1 to the T-parameter. One can see this condition
TABLE I. Individual coefficients for the different mediators identified in this section (only
single mediator cases). The mediator 2s1=2 will not give any contribution here.
Gauge Nongauge
Coeff. Participating in 1s0 3
s
0 3
s
1 1
v
0 3
v
0
~1v0 ~3
v
0
ð1Þ HWW, HZZ 0 2
2

m4

4
j1 j2
M4
1
0  g2U
2m2U
0 2 2U
m2U
ð3Þ EWPT! 0 2 
2

m4

4
j1 j2
m4
1
2 g2V
m2V
0 0 2
2U
m2U
@ HWW, HZZ, H ff
2
S
m4
S
2

m4

0
g2V
m2V
g2U
4m2U
 2V
m2V
 2U
m2U
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explicitly in Eq. (43) as a cancellation condition forOð3Þ . If
the model predicts 2=m
4
 ’ 2j1 j2=m41 , at tree level
ð3Þ ’ 0 and EWPT are avoided. In this case, @ ¼
22=m
4
 > 0, which looks similar to 1
s
0 or 3
v
0 . Most im-
portantly, in this caseð1Þ ’ 22=m4. FromTable I, we can
read off that this is a unique signature since the triplet vector
will lead to a negative deviation from the SM. Thus, if
ð1Þ > 0 is found, it may point to two triplet scalars with
similarmasses and couplings. Thismeasurement is not to be
expected at early stages of LHC, as discussed in the earlier
sections, but may be possible with high statistics.
VIII. PERSPECTIVES BEYOND LHC
In the previous sections, we have seen that the operator
O does not modify the couplings of the Higgs boson to
the other SM particles, thus leaving no room to detect its
effects via the usual Higgs searches channels. As shown
from Eqs. (20) and (21), this operator will contribute to the
HHH and HHHH couplings. Yet, these interactions can
only be observed via double or triple Higgs production
which are difficult to measure. At LHC, only qualitative
statements (such as the exclusion of a vanishing trilinear
Higgs coupling) are possible; see, e.g., Refs. [7,8,23–25].
Technology beyond LHC will be needed, such as a linear
collider, CLIC, or a muon collider. For the phenomeno-
logical discussion/measurement, in particular, via the triple
Higgs interaction, see, e.g., Ref. [7]. In addition, the HHH
and HHHH couplings will not lead to a clean signal for
O, since other effective operators may contribute. On the
other hand, as one can read off from Eq. (A1) in App. A,
new (effective) interactions of the types H5 and H6 are,
in principle, directly proportional to this operator. We
do not study these interactions here, and we do not
perform a simulation of experiments beyond LHC.
However, we point out the theoretical implications of
such measurements.
The different contributions of the mediators listed in
Eq. (41) to the coefficient of O can be found in App. D.
For simplicity we focus in the rest of this section to the
cases with only one mediator; we only consider mediators
unconstrained by EWPT. In order to describe the effects of
the remaining mediators 1s0 or 2
s
1=2 on , one needs the
following (minimal) Lagrangian in addition to Eq. (42),
which will be testable with technology beyond LHC
(‘‘BLHC’’); cf., App. D:
LBLHC¼LLHCþ13SS
3þ1
2
SðyÞS2þðD	’ÞyðD	’Þ
m2’’y’þ’ðyÞðy’Þþ’ðyÞð’yÞ
þ ~’ðyaÞðya’Þþ ~’ðyaÞð’yaÞ:
(47)
After integrating out the mediators, one obtains the con-
tributions to  listed in Table II. Comparing Eq. (47) to
Eq. (42), one immediately notices that @ and 
ð1Þ
 are
related to high-energy couplings of the form Xwhere X
is a mediator, whereas  is sensitive to couplings of the
formsXX andX. For the single mediator case, we
can read off from Table II that jj> 0 can be interpreted
as 1s0 or 2
s
1=2, but it is not possible to attribute this contri-
bution to a particular coupling.
Especially interesting is the case when 1s0 is constrained
at the LHC, which automatically implies that jj> 0 is to
be interpreted as a doublet scalar. Note that if this scalar
doublet is another Higgs, i.e., takes a vev, there may be
additional modifications of EWSB which we do not con-
sider.8 This means that the scalar doublet discussed here
does not need to participate in EWSB and may still be
detected at experiments beyond LHC. Also note that it is
not surprising that it does not affect EWPT at tree level, as
another Higgs would not either.
Cases with multiple mediators are much more compli-
cated as can be seen from App. D, and no general con-
clusions can be drawn.
IX. SUMMARYAND CONCLUSIONS
The Higgs field is essential to our understanding (igno-
rance) of the mass mechanism for the visible world. If
BSM physics is present in nature, exotic Higgs couplings
may be expected in all generality. We have considered the
impact of BSM physics in the Higgs sector without re-
striction to a particular model, focusing on effective d ¼ 6
interactions built from the Higgs field and the SM gauge
fields only, and, in particular, on those operators which can
be generated at tree level; see Eqs. (2) and (3). Considering
first each operator independently, we have computed their
impact on the SM Lagrangian, Higgs production, and
Higgs decay, working in the so-called Z-scheme in which
TABLE II. Coefficients of the effective operator O for the
single mediator case, i.e., if only one additional mediator is
present. The triplet scalars are forbidden in the single mediator
case, since in this case the T parameter contribution cannot be
canceled.
Mediator Coefficient: 3
1s0
1
2
2
S
S
m4
S
þ 13
3
S
S
m6
S
2s1=2
j’j2
m2’
þ j~’j2
m2’
þ 2 Re½’ ~’

m2’
8We do not assume a ’4 term in the Lagrangian of this scalar
doublet, to avoid possible effects on EWSB. In addition, we do
not have terms such as jy’j2, since they would violate the
custodial symmetry and affect the T parameter at the loop level
[53].
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well-measured quantities GF, , and MZ are taken as
inputs.
Among the effective operators in Eqs. (2) and (3), we
have shown that two are accessible at LHC: O@, which
affects the Higgs-fermion and Higgs-gauge boson cou-
plings in the same way, and Oð1Þ , which affects only the
Higgs-gauge boson couplings. Another operator, Oð3Þ , is
already strongly constrained by electroweak precision
tests, and better constraints from LHC are not expected.
Finally, the detection of O interactions, requires, for
instance, the measurement of the Higgs self-coupling,
which needs technology beyond LHC, such as a linear
collider, CLIC, or a muon collider.
First of all, we have demonstrated that contributions
from Oð1Þ and O@ cannot be excluded in general from
LEP and Tevatron bounds, except for a small fraction of
the parameter space around the Tevatron excluded MH
range, for specific signs of the SM deviations. On the
other hand, the LEP bound for the Higgs mass is rela-
tively robust with respect to the BSM couplings analyzed
here, whereas on the contrary the Tevatron bound does
not hold anymore in the presence of new interactions with
the Higgs sector.
As far as the impact on LHC physics is concerned, we
have demonstrated that the considered effective operators
may also affect the Higgs discovery potential at the LHC.
Especially at lowMH, an early Higgs discovery may not be
possible in the presence of new physics. However, with
increased luminosity, a Higgs discovered is likely in either
case. The discovery of the effective interactions may, on
the other hand, be harder. While O@ may already be
established at early stages of LHC for MH * 160 GeV,
Oð1Þ requires significantly more luminosity. A discrimina-
tion of the two operators will rely on the analysis of
individual Higgs discovery channels, in particular, non-
inclusive search channels such as vector boson fusion. In
principle, the measurement of the sign of the deviation
from the SM can also be performed, which may help to
identify the new physics.
As one of the main results, we have performed in depth a
theoretical analysis, decomposing each effective operator
in Eqs. (2) and (3), to identify the Lorentz character and
SM quantum numbers of all their possible heavy tree-level
mediators. This allows to establish then correlations be-
tween the constraints and signals of the effective interac-
tions discussed.
In order to even take into account interactions among the
different mediators, we have simultaneously integrated out
all mediators again. In conjunction with the findings above,
our main results can be qualitatively summarized as
follows:
Early signals LHC (fromO@ affecting the Higgs-gauge
boson and Higgs-fermion couplings) may be observable if
induced by the exchange of a singlet scalar, a gauged
triplet vector, or an ungauged singlet vector, i.e., a vector
which does not interact with the covariant derivative.
Through the identification of the sign of the deviation
from the SM, the first two of these can be discriminated
from the ungauged singlet vector. As another possibility, a
pair of (neutral and charged) triplet scalars such that their
combined impact on the T parameter cancels, may induce
early signals.
Later signals at LHC (from the extraction of Oð1Þ by the
comparison of processes involving Higgs-gauge boson and
Higgs-fermion couplings) may discriminate among the
remaining options, including possible pairs of triplets.
Experiments beyond LHCmay measure theO effective
interaction. If no departure from the SM has been previ-
ously observed in the Higgs interactions at the LHC, the
detection of anO coupling will point to the existence of a
new scalar doublet. This doublet scalar does not neces-
sarily take a vev.
If multiple mediators are present, the conclusions for
LHC observability do not change, since all single me-
diator contributions add up in a trivial way. However, the
possible existence of new interactions among the new
mediators contributing to O prohibit a clean interpre-
tation of this case. Note that we have only considered a
singlet and a triplet vector, whereas we have also found
different vectors as possible mediators if they are not
required to interact with the covariant derivative (‘‘un-
gauged vector’’).
We conclude that modifications of the Higgs sector may
be already discovered early at the LHC, but their interpre-
tation will require significant luminosity. We have also
identified one case, a doublet scalar, which may not be
testable at the LHC. These conclusions are independent of
a specific model if the physics BSM couples dominantly to
the Higgs sector. For example, some implications of the
strongly interacting light Higgs show up as a special case
of our analysis.
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APPENDIX A: COMPLETE LAGRANGIAN
Here, we show the complete Lagrangian including the
effective interactions:
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LH;Z;W¼

1þð1Þ
v2
2

g20
v2
4

WWþþ

1þð1Þ
v2
2
þð3Þ
v2
2

g20þg020
8
v2

ZZ
þ1
2
@H@
H


1ð1Þ
v2
2
ð3Þ
v2
2
@v2þ
v
2
20

0v
2

H2þ

1þ3ð1Þ
v2
4
ð3Þ
v2
4
@v
2
2

g20
v
2

HWWþ
þ
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v2
4
þ3ð3Þ
v2
4
@v
2
2

g20þg020
4
v

HZZ
þ

1þ5ð1Þ
v2
2
ð3Þ
v2
2
@v2

g20
4

H2WWþ
þ

1þ5ð1Þ
v2
2
þ5ð3Þ
v2
2
@v2

g20þg020
8

H2ZZ


0v

1þ5
6
v2
0
34
ð1Þ
 v
23
4
ð3Þ v
23
2
@v
2

H3


0
4

1þ5
2
v2
0
ð1Þ v2ð3Þ v22@v2

H4þ

g20
v
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ð1Þ

H3WWþþ

g20þg020
4
v

ð1Þ þð3Þ

H3ZZ

þ

g20
8
ð1Þ

H4WWþþ

g20þg020
16

ð1Þ þð3Þ

H4ZZ
þ

ð3Þ
v
2
þ@v

H@H@
H
þ
ð3Þ
4
þ@
2

H2@H@
H


v
4

H5


24

H6: (A1)
From this Lagrangian, one can extract the mass of theW
boson and the relevant Higgs couplings displayed in
Eqs. (16)–(21) with the SM predictions being given by
M2WSM ¼
M2Z
2

1þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 4ﬃﬃﬃ
2
p
GFM
2
Z
s 
; (A2)
HHHSM ¼
M2H
2
ð ﬃﬃﬃ2p GFÞ1=2; (A3)
HHHHSM ¼
M2H
4
GF; (A4)
HWWSM ¼ M2Zð
ﬃﬃﬃ
2
p
GFÞ1=2

1þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 4ﬃﬃﬃ
2
p
GFM
2
Z
s 
; (A5)
HZZSM ¼ M2Zð
ﬃﬃﬃ
2
p
GFÞ1=2; (A6)
HHWWSM ¼
M2Z
2
ð ﬃﬃﬃ2p GFÞ

1þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 4ﬃﬃﬃ
2
p
GFM
2
Z
s 
; (A7)
HHZZSM ¼ M2ZGF: (A8)
B. DECAY FORMULAE
Here, details of the Higgs decay formulae involving
photons are given.
1. H! 
In the standard model, the Higgs decay into two photons
is mediated by fermion and W loops. The decay width
reads
SMðH!Þ¼
G
2M3H
128
ﬃﬃﬃ
2
p
3
X
f
NcQ
2
fA
H
1=2ðfÞþAH1 ðWÞ
2
(B1)
with i ¼ M
2
H
4M2i
,
AH1=2ðÞ ¼ 2½þ ð 1ÞfðÞ
2; (B2)
AH1 ðÞ ¼ ½22 þ 3þ 3ð2 1ÞfðÞ
2; (B3)
and
fðÞ ¼
8><
>:
arcsin2
ﬃﬃﬃ

p
  1
 14

log

1þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
11
p
1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
11
p

 i

 > 1
: (B4)
It is reasonable to count only the top quark contribution
among the fermions since the couplings of the Higgs to the
fermions is proportional to the fermion mass. Hence
SMðH!Þ¼
G
2M3H
128
ﬃﬃﬃ
2
p
3
43AH1=2ðtÞþAH1 ðWÞ
2: (B5)
It follows that
ðH!Þ¼
2M3HG
128
ﬃﬃﬃ
2
p
3


1@v
2
2

4
3
AH1=2ðtÞ
þ

1þð1Þ
v2
2
@v
2
2

AH1 ðWÞ
2; (B6)
and
ðH ! Þ ¼ SMðH ! Þ
jð1 @ v22 Þ 43AH1=2ðtÞ þ ð1þ ð1Þ v
2
2  @ v
2
2 ÞAH1 ðWÞj2
j 43AH1=2ðtÞ þ AH1 ðWÞj2
: (B7)
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2. H! Z
As for photons, this decay is mediated by fermion andW
boson loops
SMðH ! ZÞ
¼ G
2
M
2
WM
3
H
642

1 M
2
Z
M2H

3

X
f
Nf
Qfvf
c
BH1=2ðf; fÞ þ BH1 ðW; WÞ
2 (B8)
with
i ¼ 4M
2
i
M2H
; i ¼ 4M
2
i
M2Z
; vf ¼ 2I3f  4Qfs2; (B9)
and
BH1=2ð; Þ ¼ I1ð; Þ  I2ð; Þ; (B10)
BH1 ð; Þ ¼ c

4

3 s
2
c2

I2ð; Þ þ

1þ 2


s2
c2


5þ 2


I1ð; Þ

: (B11)
The functions Ii are defined by
I1ð; Þ ¼ 2ð Þ þ
22
2ð Þ2 ½fð
1Þ  fð1Þ

þ 
2
ð Þ2 ½gð
1Þ  gð1Þ
; (B12)
I2ð; Þ ¼  2ð Þ ½fð
1Þ  fð1Þ
; (B13)
with
fðÞ ¼
8><
>:
arcsin2
ﬃﬃﬃ

p
  1
 14

log

1þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
11
p
1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
11
p

 i

 > 1
(B14)
and
gðÞ ¼
8>>><
>>>:
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1  1
p
arcsin
ﬃﬃﬃ

p
  1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
11
p
2

log

1þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ1
p
1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ1
p

 i

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: (B15)
Finally, one obtains
ðH ! ZÞ ¼ SMðH ! ZÞ
jð1 @ v22 Þ
P
f Nf
Qfvf
c B
H
1=2ðfÞ þ ð1þ ð1Þ v
2
2  @ v
2
2 ÞBH1 ðWÞj2
jPf Nf Qfvfc BH1=2ðfÞ þ BH1 ðWÞj2 : (B16)
APPENDIX C: INDIVIDUAL
SEARCH CHANNELS AT CMS
We detail in this appendix the analysis on each search
channel at CMS. Before anything, a general statement can
be made about the behavior of all searches channels with
the different effective operators:
(i) O@ modifies all Higgs couplings by the same factor
1 @v2. In consequence, all significances get
enhanced (depleted) with respect to the SM ones
for negative (positive) values of @.
(ii) Oð1Þ : Given the positive sign of the 
ð1Þ
 contribution
to the couplings, see Eqs. (31) and (32), the general
trend expected with be an increase (decrease) with
respect to the SM predictions for positive (negative)
values of ð1Þ .
In the following we go back on each channel individually,
giving their range of utility and bringing further detail on
the significance calculation. We based our calculation on
the CMS TDR [40] and also followed the recommendation
of [9].
(i) H ! ZZ! 4‘: this is the most promising channel
for the discovery of a Higgs boson with
MH > 130 GeV. The CMS analyses [40] are based
on the production of the Higgs boson through gluon
and vector boson fusion. We used the Poisson sig-
nificance SP defined byXsþb1
i¼0
ebbi
i!
¼
Z SP
1
dx
ex2=2ﬃﬃﬃﬃﬃﬃ
2
p ; (C1)
neglecting the systematic uncertainties, that have
little impact. The branching ratio H ! ZZ in-
creases with ð1Þ although it remains almost equal
to the SM prediction for MH  160GeV. As the
dominant production process—gluon fusion—does
not depend on ð1Þ , the significance turns out to be
close to that for the SM, for masses in that range.
(ii) H ! WW ! 2‘2: is the dominant process and the
main discovery channel for the mass range 2MW 
MH  2MZ. The CMS analyses [40] considered the
gluon fusion and vector boson fusion production
mechanisms. We used the ScP2 significance,
ScP2½s;b;b
2ð ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃsþbp  ﬃﬃﬃbp Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b
bþb2
s
; (C2)
with a background systematic uncertainty b=b of
10%. As in the previous channel discussed, the
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significance does not evolve significantly forMH 
160 GeV.
(iii) H ! WW‘jj: for Higgs boson masses between
160 GeV and 180 GeV, the H ! ZZ gets sup-
pressed as the H ! WW channel turns on; the
latter allows then to reconstruct the Higgs mass.
The CMS analyses [40] consider only the vector
boson fusion process. We used the ScL0 signifi-
cance,
ScL0½s; b;b


ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2½ðsþ bþ b2Þ logð1þ s=ðbþb2Þ  s

q
(C3)
with a background systematic uncertainty b=b of
16%. Both the production mechanism and the
branching ratio are rescaled by the factor 1þ
ð1Þ v
2, hence the significance is rescaled by the
square of that factor.
(iv) H ! : this is the major search channel for low
Higgs masses MH < 150 GeV. Although the
branching ratio of the Higgs into two photons is
small, it is more competitive than the H ! b b
channel for which the QCD background is impor-
tant. The production mechanism considered by the
CMS analyses [40] are gluon-fusion, vector boson
fusion as well as Higgsstrahlung. We have checked
that the significance increases (decreases) for posi-
tive (negative) ð1Þ , as expected.
(v) H ! ! ‘þ jetsþ EmissT : Although not the
dominant one, this channel for which the Higgs
boson is produced by vector boson fusion is useful
in the low mass region. H !  is the main decay
channel next to H ! b b decay and it thus helps to
improve the total significance in this mass region.
We used the Poisson significance with a systematic
uncertainty on the background of 7.8%.
APPENDIX D: FULL DECOMPOSITION
OF EFFECTIVE OPERATORS
This appendix provides the full tree-level decomposition
of the effective operators in Eqs. (2) and (3). The diagrams
are shown in Ref. [16], and the possible mediator fields are
indicated in Eq. (41). With the assumption of gauged
vector mediators (and absence of the kinetic and mass
mixing between  and ’), the following renormalizable
interactions may be induced:
Lfull ¼ LS þL þL1 þL’ þLS þLS1 þLS’
þL1 þL’ þL1’ þLV þLU þLVS;
(D1)
where
LS ¼ 12 ð@	SÞð@
	SÞ  1
2
m2SS
2 þSðyÞS
þ 1
3
SS
3 þ 1
2
SðyÞS2; (D2)
L ¼ 12 ðD	Þ
aðD	Þa  1
2
m2
aa þðyaÞa
þ 1
2
ðHyHÞaa; (D3)
L1 ¼ ðD	1ÞyaðD	1Þam21ya1 a1
þ½1ði2aÞya1 þH:c:

þ1ðyÞya1 a1 þ31ðiabcÞðyaÞyb1 c1;
(D4)
L’ ¼ ðD	’ÞyðD	’Þ m2’’y’þ ½’ðyÞðy’Þ
þ ~’ðyaÞðya’Þ þ H:c:
; (D5)
L S ¼ 12SS
aa þ SðyaÞSa; (D6)
LS1 ¼ S1Sya1 a1 þ ½S1ði2aÞSya1 þ H:c:
;
(D7)
L S’ ¼ S’Sðy’Þ þ H:c:; (D8)
L1 ¼1ðiabcÞya1 b1c
þ½1ðiabcÞði2aÞyb1 cþH:c:
; (D9)
L ’ ¼ ’aðya’Þ þ H:c:; (D10)
L 1’ ¼ 1’ya1 ði2a’Þ þ H:c:; (D11)
LV ¼  14V	V
	 þ 1
2
m2VV	V
	
 igVV	½ðD	ÞyyðD	Þ
; (D12)
L U ¼  12U
a
	U
a	 þ 1
2
m2UU
a
	U
a	
 i gU
2
Ua	½ðD	ÞyayaðD	Þ
; (D13)
L VS ¼ VSV	@	S: (D14)
After integrating out all mediation fields, the following
effective Lagrangian emerges at low energies:
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Only the terms which contribute to the effective interac-
tions in Eqs. (2) and (3) have been included in Lfull,
Eq. (D15). A putative measurement of one of these effec-
tive interactions would give information on the high-
energy models in Lfull, Eq. (D1), as long as we assume a
perturbative theory.
Finally, we briefly comment on the absence of the tree-
level decomposition of the effective interactions with the
field strength of the gauge fields (Eqs. (4)–(7), which were
proved in Ref. [16]. In the proof, the authors assumed that
the vector mediators were gauge fields which interacted
with the Higgs doublet through the covariant derivative (as
assumed here). This assumption played an important role
in the proof. If one allows a possibility of nongauged vector
mediators, for example, a vector doublet 2v1=2, the effective
interactions with field strength tensors can also be medi-
ated at the tree level.
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